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This study was aimed at designing a cell carrier from an intelligent polymer to 
achieve loading of mechanical stress for the purpose of improving the tissue 
engineering capability in vitro.  
 
Ethyleneglycoldimethacrylate (EGDMA) crosslinked poly(N-
isopropylacrylamide) (pNIPAM) films were prepared by radical polymerization 
with ultraviolet light (UV) in the presence of photoinitiator 2,2 -
azoisobutyronitrile (AIBN) in isopropanol/water (1:1). Patterns were formed 
on the surface of the polymers by using silicon wafers with microridges (2 
μm) and grooves (10 μm) that were prepared by photolithography technique 
as the template. The surfaces of the films were also modified by adsorption of 
ELP-RGD6 polypeptide. 
 
Bone marrow stem cells (BMSCs) isolated from 6 week old Sprague-Dawley 
rats were seeded onto the pNIPAM films with different surface topography and 
chemistry and cultured under static and dynamic conditions. Dynamic 
conditions were generated by cyclic temperature changes (15 min at 29°C, 30 
min at 37°C) for 10 times a day during 5 days starting on the second day 
post-cell seeding. 
 v 
ELP-RGD6 on the films enhanced initial cell attachment but had no effect on 
proliferation in long term culturing. However, for the dynamic culturing, ELP 
was crucial for both retaining cells attached on the surface when the surface 
became hydrophilic and resulted in weakened cell attachment, and for better 
communication between cell and material which enhanced the ability of 
pNIPAM films to transfer mechanical stress on the cells. Dynamic conditions 
improved cell proliferation but decreased differentiation. Presence of the 
patterns also influenced the differentiation but did not affected proliferation. 
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Bu çalışmada amaçlanan, in vitro ortamda doku mühendisliği yetisini 
geliştirmek için, akıllı bir polimerden mekanik stres uygulayabilen bir hücre 
taşıyıcısının tasarlanmasıydı. 
 
Etilenglikoldimetakrilat (EGDMA) ile çapraz bağlanan poli(N-izopropilakrilamid) 
(pNIPAM) filmler radikal polimerizasyonla fotobaşlatıcı 2,2 -azoisobutironitril 
varlığında ultraviyole ışıkla  izopropanol/su (1:1) içinde hazırlanmıştır. 
Fotolitografi tekniğiyle hazırlanan  mikro tepecik (2 μm) ve mikrokuyucuklu  
(10 μm) silikon pullarla polimerlerin yüzeyleri desenlendirilmiştir. Filmlerin 
yüzeyleri ayrıca ELP-RGD6 polipeptidinin adsorpsiyonuyla modifiye edilmiştir. 
 
6 haftalık Sprague-Dawley sıçanlardan izole edilen kemik iliği kök hücreleri, 
farklı yüzey topografisi ve kimyası olan pNIPAM filmler üzerine ekilmiş ve 
statik ve dinamik koşullarda kültüre edilmiştir. Dinamik koşullar hücre 
ekiminden iki gün sonra başlatılarak 5 gün boyunca günde 10 kez periyodik 
sıcaklık değişimleriyle (15 dakika 29°C, 30 dakika 37°C) oluşturulmuştur. 
 
Filmlerin yüzeyindeki ELP-RGD6, başlangıçtaki hücre tutunmasını arttırmış 
ama uzun dönem kültürde, bu proteinin çoğalma üzerinde etkisi olmamıştır. 
 vii 
Bununla birlikte dinamik kültürde yüzeyin hidrofilikliği arttığında ve bunun 
sonucu olarak hücre tutunması zayıfladığında, hücreleri yüzeye bağlı tutmak 
için ve pNIPAM filmlerin hücrelere mekanik stresi aktarma özelliğini arttıran 
daha iyi bir hücre-malzeme iletişimi kurulmasında önemli olmuştur. Dinamik 
kültür koşulları hücre çoğalmasını arttırmış, fakat diferensiyasyonu 
düşürmüştür. Yüzey desenlerinin varlığı diferensiyasyonda etkili olmuş, ama 
hücre çoğalmasını etkilememiştir. 
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1.1 Tissue Engineering 
 
Due to aging, diseases or injury, many people suffer from malfunctioning of 
tissues, which may even lead to organ failure. Organ transplantation, 
prosthesis and tissue grafting are the treatments used in medicine to meet 
these problems. Although they have revolutionized medical practice, they still 
have limitations. For organ transplantation, it is mostly hard to find a 
genetically identical organ and in most of the cases the organ transplanted is 
from another person that is not genetically identical but with high conformity, 
which is called an allograft. However the insufficiency of donors leads to the 
death of many people due to the long period they may wait in order to fınd a 
suitable organ. Patients who survive after a successful transplantation still 
need to use costly immunosuppressive drugs that lower their quality of life. 
Autologous tissue grafting is also limited by the availability of host tissue and 
donor site morbidity. Prosthesis cause problems like material failure that lead 
to immunogenic response and increased rates of infection and since it is 
nonliving, it can not grow with the patient or adapt to changing circumstances 
[1].  
 
Tissue engineering has emerged as a promising research area with a high 
potential to replace these conventional medical treatments by producing 
biological substitutes to restore, maintain or enhance tissue and organ 
function by combining biological understanding and applications with 
engineering principles. The early studies started from 1970s and progressed 
enormously in the last decade of 20th century reaching to clinically available 
medical therapeutics, yet need to be improved [2].  
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We can classify tissue engineering applications broadly into two categories: 
therapeutic applications, where the tissue is either grown in a patient or 
grown outside the patient and transplanted; and diagnostic applications, 
where the tissue is formed in vitro and used for testing drug metabolism and 
uptake, toxicity, pathogenecity, and so on [2]. 
 
The complexity and highly organized structure of human body makes it a big 
challenge for researchers to achieve the goal of engineering a desired tissue. 
Various disciplines need to be involved to analyze tissue dynamics and 
recreate it such as cell biology, biochemistry, biomechanics, biophysics and 
materials science. To generate a living tissue in vitro we need 1) cells, which 
will form the desired tissue or tissue groups, 2) scaffold or a cell carrier that 
host cells help them to grow and get organized in the way they are in the 
body and 3) surrounding media composed of nutrients, essential amino acids, 
and biological stimulants such as differentiation and growth factors. 
 
1.2 Bone Tissue Engineering 
 
The loss of bone because of trauma, cancer, osteoporosis or congenital 
abnormalities is a big clinical problem. High costs theraphies still do not 
provide a qualified life because many problems arise afterwards. The most 
common methods to repair these defects are through autologous grafting or 
using alloplastic implants which are nonbiological materials [3,4]. Autologous 
tissue grafting is the prevalent and most versatile option in most cases but 
has constraints such as the availability of donor tissue, morbidity at the donor 
site, and time-consuming surgery. Alloplastic implants are readily available 
and do not lead to donor site morbidity, but there is a risk of immune 
rejection and transfer of infectious diseases during the surgery. Moreover they 
are not long-lasting and biomaterial failure and incompatibility due to wear or 
corrosion may cause complications like chronic irritation and sometimes even 
carcinogenicity [4].  
 
As an alternative approach, tissue engineering seems promising as it aims to 
create fully functional and biocompatible “living” grafts in sufficient amounts 
that have the potential to integrate with the surrounding native tissue 
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eliminating problems of donor scarcity, supply limitation, pathogen transfer 




A tissue engineered product is composed of two main components, the cells 
and their carrier. Named ‘scaffold’, its design is a crucial step in tissue 
engineering process since the rate of success of tissue engineering depends 
significantly on this carrier. Its main function is that in combination with the 
cells of interest it should mimic the structure and function of the natural 
extracellular matrix (ECM). Polymeric scaffolds, especially biodegradable ones, 
have attracted the attention of the researchers in the last decades. There 
exists a variety of scaffold preparation methods, among which are solvent 
casting, gas foaming, phase separation, electrospinning, salt leaching and 
self-assembly [7,8]. These scaffolds may be prepared in different forms such 
as films [9,10], foams [11] or fibers [7].   
 
Due to its importance in tissue engineering and regenerative medicine there 
are some certain minimum requirements that the scaffold should possess. 
First of all, it needs to have an appropriate microstructure and chemical 
composition so that the cells can communicate well with it. Porosity is an 
important parameter that should be taken into consideration while designing a 
tissue engineering scaffold (even though the exact specifications depend on 
the type of tissue that will be produced). The pore diameter, size, distribution 
and orientation are chosen depending on the target tissue. A pore size of 
hundred microns has been reported for housing of osteoblasts and blood 
vessels. Microporosity (pore size below 10 μm) is also crucial since it is 
important for protein adhesion, cell attachment and proliferation, and for 
nutrient and waste product exchange [12-14]. Many studies have shown that 
pore size, shape and density of scaffolds have a significant effect on the 
behavior of cells [14,15].  
The chemical structure of the materials used is known to have an influence on 
cell behavior to a great extent. In cases when the properties of the bulk 
material is suitable for tissue engineering but the chemistry is not, surface 
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treatments like exposure to UV [16], plasma treatment [7], grafting of 
chemical and biological entities [17] are applied to modify the surface 
properties of scaffolds.  
Two other important requirements of the scaffold are that it should be 
biocompatible and biodegradable. The degradation properties (mainly the 
rate) of the material are again chosen by taking the target tissue into 
consideration. It is important to consider the products of degradation; mainly 
no toxic materials should be released into the biological medium. The 
degradation rate of the scaffold material can be altered by changing its 
chemistry, adding other components such as ceramics [18,19] or by altering 
the manufacturing methods [19-21]. Finally, the newly formed tissue should 
be able to withstand the load that may be created on it when in vivo, 
therefore, the mechanical properties of the scaffold material that is employed 
are of great importance [22,23]. It has been found that the efficacy of several 
silk- and collagen-based substrates in supporting chrondrogenesis of cultured 
human mesenchymal stem cells was influenced more by scaffold degradation 
rates than by chemical composition [24]. Crosslinked collagen and slowly 
degrading silks increased cell differentiation and matrix deposition, but the 
uncrosslinked collagen samples were unable to support significant 
cartilaginous tissue formation because of weak mechanical property. 
There are many crucial roles that a tissue engineered scaffold plays; it acts as 
a framework and supports cell migration from the surrounding tissue into the 
defect area, it serves as a matrix for endogenous or exogenous cell adhesion 
and facilitates cell processes like proliferation, migration and synthesis, it may 
be used as delivery vehicle of certain genes for certain growth factors or 
growth factors themselves,  it may structurally reinforce the defect area, it 
may also serve as a barrier against infiltration of the surrounding tissue that 
may hinder the regeneration process [22].  
 
1.3.1 Materials  
 
The materials utilized in the design of tissue engineering scaffolds can be 
classified as metals and metal alloys, ceramics, polymers, modified natural 
materials and composites. Based on their degree of resorbability they can be 
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divided into two groups: degradable and non-degradable. Non-degradable 
materials are usually used for prosthetic devices whereas resorbable ones are 
mainly used for tissue regeneration like bone, cartilage, artificial skin, etc. 
[25]. Degradability has been shown to be important since the surface 
properties of the material used influence to a great extent the initial cellular 
events occuring at the contact phase between the cell and the material.  
 
Regarding their application as scaffold materials in tissue engineering or as 
bone substitute materials it can be said that four types of materials have been 
studied. They include the synthetic organic materials (polyglycolides, 
polylactides, polydioxanone, polycaprolactone, polyanhydrides, 
polyhydroxyalkanoates, etc.), synthetic inorganic materials (hydroxyapatite, 
glass ceramics, etc.), organic materials of natural origin (collagen, hyaluronic 
acid, elastin, fibrin, etc.) and inorganic materials of natural origin (coralline 
HA) [25]. The following section explains these materials in more detail. 
 
1.3.1.1 Degradable polymers 
 
Bioabsorbable polymers are preferred because they can be employed to 
provide temporary scaffolding function for newly forming tissue and to be 
subsequently replaced by the native tissue with the polymer material getting 
removed by natural and metabolic processes of the body. Hence, no residual 
material that can act as focus of irritation with possible infection is left in the 
body. It is also important for the newly formed tissues to take over by time 
and become independent of the supporting scaffold. This is especially 
important, e.g. in tissues like bone where physiological loading is crucial.  
 
The main polymers utilized with the ultimate aim of tissue engineering include 
poly L-lactic acid (PLLA), poly (L,DL) lactic acid P(L,DL)LA, poly(ε-
caprolactone) (PCL) or their copolymers like poly(lactic acid-co-glycolic acid) 
(PLGA) and poly(ε-caprolactone-co-L-lactide) (PCL-PLLA) etc. Polymers of 
natural origin include collagen, silk protein, elastin, fibrinogen, fibrin, 
chitosan, hyaluronic acid and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV) [26,27]. These types of natural polymers are often used in the form of 
blends with some other materials like ceramics (especially in bone tissue 
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engineering) in order to increase their load bearing ability, thus, strengthen 
their mechanical properties [28-30]. 
 
Collagen is a natural fibrous protein found most abundantly in the 
extracellular matrix of the body, in tissues like bone, tendon, cartilage, 
ligament, skin, meniscus, etc. Due to the differences in chemical composition 
and molecular structure collagen has 25 different types, the most abundant 
ones being types I, II, III and V. While type I is more present in bone and 
meniscus, type II is more found in cartilage. It is widely used in tissue 
engineering applications; however, crosslinking is sometimes necessary in 
order to improve the mechanical properties of the collageneous scaffold 
[24,27,28,31]. 
 
Elastin is a protein found in connective tissue to help to resume the shape 
after stretching or contracting. It is most abundantly found in load-bearing 
tissues such as arteries, lungs, elastic ligaments, skin, bladder, elastic 
cartilage, and the intervertebral disc. It is primarily composed of the amino 
acids glycine (G), valine (V), alanine (A) and proline (P).  
 
Genetically engineered artificial elastin-like polypeptides (ELPs) possess 
physical properties that are notably similar to those of native elastin. The 
crosslinked matrices of ELPs show outstanding resistance to fatigue and have 
almost ideal elasticity, with Young’s modulus, elongation at break, etc. in the 
range of natural elastin [32,33]. Moreover, these proteins can be modified at 
the genetic level to match the requirements of desired applications, such as 
addition of cell attachment sequences and amino acids to use for crosslinking 
purposes i.e. lysine [34]. The general formula for ELPs is (VPGXG)n, where X 
represents any natural or modified amino acid, except proline [35]. 
  
Fibrin is a polypeptide and has an important role in tissue repair and 
homeostasis. This substance is produced by polymerization of fibrinogen in 
the presence of enzyme thrombin and as a result clotting occurs. It can either 
be obtained directly from blood plasma of patients [36]. It is not a part of 
ECM but it has been used especially for wound closure as a matrix that can be 
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replaced by the ECM. It is widely used as fibrin glue in clinical applications. Its 
combination with alginate or hyaluronic acid has been demonstrated [31]. 
 
Hyaluronic acid, known as hyaluronan, is a linear, high molecular weight 
polysaccharide and it is one of those glucosaminoglycans present in the 
connective tissues of the body, in the eye vitreus humor and the synovial fluid 
of the joint capsule. Due to its disaccharide units, hyaluronic acid has a rigid 
structure and its anionic groups function in binding water molecules and other 
cations. They appear to be very good water absorbers and lubricants due to 
its viscoelastic properties. They play a crucial role in wound repair, 
morphogenesis and inflammation [31,37,38,39].  
 
Chitosan is a deacetylated chitin derivative mostly found in the shells of 
marine crustaceans and the walls of fungal cells. It is soluble in dilute acids. 
This linear polysaccharide is attractive for researchers because it is 
biodegradable, highly biocompatible, it has controllable hydrophilicity (with 
deacetylation level) and it is easy to process. Chitin-based polymers can be 
processes into various forms like sponges, fibers, hydrogels and beads, and 
this is a good proof of its versatility of its biomedical applications especially 
tissue engineering. Other physicochemical and biological properties of 
chitosan in addition to hydrophilicity can be altered by changing the 
deacetylation degree [31,40]. 
 
Another class of naturally derived polymers is polyhydroxyalkanoates (PHAs), 
which are polyesters produced by microorganisms [41]. They are degradable 
and biocompatible and are used as a reserve of energy and carbon. A variety 
of these polymer were produced and among especially poly(3-
hydroxybutyrate) (PHB) and its copolymer poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV) have been tested the most in the biomedical field. 
Addition of hydroxyvalerate to the structure results in a less crystalline, more 
flexible and easily processable polymer, so depending on the amount of 
degradability and crystallinity desired, an appropriate copolymer is 
synthesized [31]. Among the PHAs, PHB is of particular interest due to its 
ability to support in vitro bone formation [42,43].  
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Recently, proteins obtained from animals or plants have started to attract the 
researcher’s attention significantly nowadays. A good example of these 
proteins is silk, which is produced in fiber form by silkworms and spiders. The 
high mechanical properties of silk come as a result of the highly repetitive 
primary sequence that leads to a high content of β-sheets [31]. This is a good 
reason that explains potential of silk protein in tissue engineering processes, 
especially in the case when mechanically robust and sufficiently degradable 
materials are required [44]. The only disadvantage of utilizing this material is 
that it might evoke foreign body responses when implanted in vivo [31]. 
 
Like the natural polymers, synthetic polymers are also in a great variety and 
due to the results obtained many of them have been approved by FDA to be 
used in tissue engineering applications. Compared to natural polymers, they 
have shown lower risk of immunogenicity, easier procesability and higher 
flexibility. As mentioned in the sections above, the most common synthetic 
polymers are, poly(ε-caprolactone) (PCL), poly(glycolic acid) (PGA), 
poly(lactic acid) (PLA), their copolymers poly(lactic acid-co-glycolic acid) 
(PLGA), poly(phosphoesters), poly(phosphazene), and  poly(propylene 
fumarate) (PPF). Some of them will be described in more detail below: 
 
PLA, PGA and PLGA (with different ratios of LA and GA) are the most 
intensively investigated synthetic polymers in tissue engineering, especially 
bone. Upon reaction with water they undergo random bulk degradation via 
hydrolysis of ester bonds which results in their degradation products namely 
lactic and glycolic acids [45]. PLA exists in mainly three forms: L-PLA (PLLA), 
D-PLA (PDLA) and the racemic mixture D,L-PLA (PDLLA) with the main 
difference between them being stereochemistry. PLA is known to be less 
degradable and more hydrophilic than PGA [45]. The most utilized polymer in 
tissue engineering is PLGA, which is chosen according to the ratio of LA and 
GA in its structure because this detemines their crystallinity, hydrophilicity 
and their rate of degradation. For instance, if a highly degradable polymer is 
required, a blend with a LA:GA ratio of around 1 is preferred [46]. 
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Another important synthetic polyester is poly(ε-caprolactone) (PCL), which is 
also a linear polymer with a slower degradation rate than most biodegradable 
polymers [47,48]. 
 
1.3.1.2 Non-degradable materials 
 
The most commonly used non-degradable materials for tissue engineering, 
especially bone, are ceramics and its composites with polymers. Ceramics are 
mostly considered as crystalline materials, but there exist some non-
crystalline ceramics also. When the glass is semi crystalline due to later heat 
treatments, it is known as glass-ceramic. A combination of both these two 
types and some others constitute what is named as composites. Composites 
have been utilized more in the last decade due to their versatility, the 
presence of many different composites with different structures suitable for 
various applications. Some composites are listed below:  
 
A. Calcium phosphate-based ceramics. These include (1) hydroxyapatite 
(HAp), (2) beta-tricalcium phosphate (β-TCP), (3) biphasic calcium phosphate 
(BCP), (4) amorphous calcium phosphate (ACP), (5) carbonated apatite (CA) 
and (6) calcium deficient HAp (CDHAp). Their application in tissue engineering 
is still being explored, however, it can be said that the problem of incomplete 
resorption especially in the case of HAp or CA still exists. Introduction of 
porosity to the structure is an important issue that should be taken into 
consideration since it is well known that highly porous implants induce tissue 
ingrowth within the implant and decrease degradation time. This can be 
achieved by a variety of methods that lead to structures with interconnected 
pores [29]. Salt leaching and incorporation of polymeric microparticles that 
can be sintered afterwards to yield ceramics with micropores are two of these 
techniques. Furthermore, some surfactant (i.e. H2O2) can be utilized to 
produce spherical porosity inside the CaP-ceramic. In addition to these, some 
of the ceramics like bovine derived ones might possess inherent porosity but 
they are disadvantageous in that they cannot be tailored for specific purposes 
due to their fixed shape and volume. Some other CaP-ceramics have 
micro/nanoporosity, which is not very preferred in tissue engineering 
applications because of the pore size being close or lower than that of the 
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cells. The most appropriate tissue engineering application for them is bone 
tissue engineering since these CaP-based ceramics had a positive influence on 
cell differentiation and proliferation. Addition of osteoinductive growth factors 
or drugs [49] to these ceramics is also a common method due to their high 
affinity for ionic molecules. Utilization of ceramics with self-osteoinductive 
properties, such as biphasic calcium phosphate and HAp [50] is another way 
to improve their suitability for tissue engineering.  
 
B. Calcium phosphate-based cements (a powder phase of calcium and/or 
phosphate salts that together with an aqueous phase react at room/body 
temperature and form a calcium phosphate precipitate that sets in the form of 
crystals). Cements based on calcium salts, phosphates or sulphates, have 
attracted much attention in medicine and dentistry due to their excellent 
biocompatibility and bone-repair properties. Many of them are attractive for 
use in tissue engineering, but the introduction of a crucial characteristic like 
porosity is a necessity. Highly porous systems can be obtained by either 
utilizing leaching of water soluble crystals [51] or degradation of polymer 
microspheres with time [29]. The polymer is chosen according to its 
degradation properties. The porosity of the structure and the mechanical 
properties depend on the cement formulation and whether there is any 
additive or not [52,53].  
 
Calcium phosphate cements which can be injected and resorbed are prepared 
with slight differences in their compositions and/or processing. These cements 
are very compatible with the bone and seem to resorb slowly. During this 
gradually occurring resorption process the newly formed bone grows and 
replaces the cement. However, the properties of the calcium phosphate 
cements are still insufficient for their reliable application. There are problems 
related to their mechanical strength, the curing time, the application 
technique on the osseous defect and the final biological properties [53]. In 
addition, all the implants obtained from these materials can lead to infections 
due to their action as foreign materials for the body. In these situations some 
drugs, which can be locally released ‘‘in situ’’ are incorporated into the 
structure [54,55]. New improvements in the development of these cements 
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are being made in order to at least overcome some of these disadvantages 
[53]. 
 
C. Glass ceramics. They are reported to be bioactive due to their ability to 
bind to bone. This process happens due to formation of a CaP-rich layer which 
then crystallizes to carbonated hydroxyapatite on the surface of the glass 
after implantation and contact with biological fluids [56]. Several studies have 
shown that bioactive glasses support in vitro osteobast attachment, 
proliferation and differentiation of mesenchymal cells into osteoblasts [56-58]. 
 
These ceramics include glass compositions that have the ability to bind to 
bone and other tissues. The chemical reactivity of the glass where Si bonds 
are broken and the formation of a CaP-rich layer on the top of the glass, 
which then crystallizes to HCA is the basic idea of how bone binding process 
occurs. They are produced like conventional glasses where SiO2, Na2O, CaO 
and P2O5 are the basic components. These materials often need addition of 
other ceramic components for reinforcement due to their non-optimal 
mechanical properties. These types of combinations are named as glass-
ceramic composites. Porosity is again a necessity for their ultimate use in 
tissue engineering applications and it is generally introduced as in the case of 
CaP-based ceramics [59]. 
 
D. Polymer/ceramic composites. Although ceramics seem to be excellent 
materials for use as scaffolds, they possess certain drawbacks. Brittleness and 
slow or no degradation and resorption are the main issues. In order to 
overcome these drawbacks ceramics are generally manufactured as 
composites, mostly of polymer-ceramic type. Addition of biodegradable 
polymers in the structure aims to improve the degradability, alter the 
mechanical properties of ceramics and create a porous structure. These 
composites also mimic the natural bone tissue composition of collagen and 
calcium phosphate. Several studies have reported the success of such designs 
in bone tissue engineering with better mechanical, osteoconductive (enable 




As mentioned in the sections above, introduction of porosity to these ceramics 
materials is a necessity for especially tissue engineering applications. This has 
been solved by addition of some other molecules that can be destroyed before 
implantation, however, there still exits some problems such as poor 
degradability and mechanical properties. Mixing them with some 
biodegradable polymers is a solution to this at least to the majority of the 
problems. These biodegradable polymers can improve the degradability of 
these ceramics and further improve their mechanical properties [60].  
Polymer/ceramic composites can be divided into two groups as cement with 
added polymers, and ceramic particles incorporated into a porous polymeric 
carrier. Some of the polymers combined with ceramics are 
polylactic/polyglycolic acid, polylactid acid (PLA, PLLA, PDLLA), polyglycolic 
acid (PGA), poly(lactic-co-glycolic acid) (PLGA), poly(ε-caprolactone) (PCL), 
collagen, gelatin, fibrin, casein, peptides, chitin, chitosan, cellulose, starch, 
alginate, hyaluronan, etc. 
 
1.3.1.3 Stimuli-Responsive Polymers 
 
Stimuli-responsive polymers are defined as polymers that exhibit dramatic 
property changes in response to small external changes in the environmental 
conditions.  
 
They can be classified according to the stimuli they respond to. The stimulus 
can be physical such as temperature, electric or magnetic fields, and light, 
which alter molecular interactions. Chemical stimuli, such as pH, ionic 
strength and chemical agents, change the interactions of polymer chains 
among each other or between polymer chains and solvents at the molecular 
level [61]. Some polymers can respond to more than one stimulus, such as 
temperature and pH [62-65], and some polymers can also respond to two or 
more signals when they are simultaneously applied such as in dual responsive 
polymer systems which can find application in drug delivery [66]. 
 
These polymers can be utilised in various physical forms such as free chains in 
solutions, chains grafted on a surface, covalently cross-linked gels and 
reversible (or physical) gels [67].  
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Smart systems can be designed for biomedical applications using stimuli 
responsive polymers such as intelligent on-off systems for bioseperation [68-
70], actuation [71-73], gene [74,75] and drug delivery [66,76-81], tissue 
engineering and cell culture [82-104]. 
 
Cell sheet engineering has emerged as one of the outcomes of this intense 
research area. Okano et al. published a paper in 1990 which made a great 
impact on the biomaterials and tissue engineering community [90]. The paper 
was describing the development of a novel cell culture substrate to harvest 
and expand cells. The researchers grafted the surface of tissue culture plates 
with a thermoresponsive polymer, poly(N-isopropylacrylamide) (pNIPAM), 
which has a lower critical solution temperature (LCST) around 32°C meaning 
that the polymer solution undergoes phase transition from a soluble to an 
insoluble state above this critical temperature in water [61]. This interesting 
property of LCST polymers is observed as a result of reversible hydrogen bond 
formation between water molecules and polar groups of the polymer such as 
C=O and -NH upon change in temperature leading the polymer to be 




     (a)          
    
(b)  
 
Figure 1. Poly(N-isopropylacrylamide), (a) Structure, (b) Schematic of 
‘smart’ polymer response to temperature changes [91].  
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At normal cell culture temperature, which is 37°C, the polymer becomes 
slightly hydrophobic allowing various cell types to attach, spread and 
proliferate similarly to that on normal tissue culture polystyrene (TCP). 
However, when the temperature is reduced below the LCST, a hydration layer 
forms between the culture surface and cells and this weakens the attachment 
of cells, enabling the harvest of confluently cultured cells as intact sheets 
[92]. These cell monolayers with undistrupted intercellular connections, unlike 
those cells harvested by trypsinization are promising tools for successful 
tissue engineering applications. Numerous cell types including epidermal 
keratinocytes, vascular endothelial cells, renal epithelial cells, periodontal 
ligaments and cardiomyocytes have been shown to maintain differentiated 
functions after low-temperature cell sheet allowing production of vascularized 
thick tissues [93], cardiac patches [94], organ-like structures such as 


















Figure 2. Schematic drawings of tissue reconstruction as cell sheet stacks 





Furthermore, cell sheets composed of co-culture of different kinds of cells can 
also be harvested from patterned dual thermoresponsive surfaces with two 
kinds of thermoresponsive domains with different transition temperatures by 
copolymerization of a hydrophobic monomer to pNIPAM. In a study carried 
out by Tsuda et al., rat primary hepatocytes (HCs) and bovine carotid artery 
endothelial cells (ECs) were co-cultured on patterned dual thermoresponsive 
surfaces [100]. N-butyl methacrylate (BMA) was copolymerized with NIPAM to 
decrease the LCST. Patterns were prepared by electron beam 
copolymerization of these monomers using a mask led to islands of 1000 or 
500 μm dots separated from each other by 1000 or 500 μm pNIPAM-grafted 
domains. First HCs were seeded at 27°C and they selectively adhered onto 
the relatively hydrophobic p(NIPAM–BMA) co-grafted domains but not onto 
the hydrophilic pNIPAM domains. They were incubated at 27°C for two days 
and at 37°C for an additional 2 days. Then the other cell type, the ECs, was 
seeded at 37°C. Finally, single co-cultured cell sheet could be released and 
recovered at a lower temperature than either of the transition temperatures 
(20°C) (Fig. 3). They showed that hepatic physiological functions such as 
albumin secretion and ammonium metabolism were enhanced by increasing 
heterotypic cell–cell interactions in a patterned co-culture. These findings 









Figure 3. Schematic representation of patterning cell co-culture and 
harvesting of co-cultured cell sheets using a patterned dual thermoresponsive 
surface (a) First cell type, HCs is seeded and cultured at 27°C, resulting in 
localization of hepatocytes onto p(NIPAM–BMA) co-grafted hydrophobic 
patches. (b) Second cell type, ECs seeded and cultured at 37°C, resulting in 
generation of patterned co-cultures. (c) Decreasing temperature to 20°C 




Cell sheets harvested from thermoresponsive culture surfaces can be used for 
the reconstruction of many tissue types but may not be ideally suited to the 
creation of some cell-sparse tissues, such as bone or cartilage, because they 
contain relatively little ECM when compared with scaffold based methods [92]. 
 
Researchers are utilizing stimuli-responsive hydrogels as scaffolds in the 
engineering of tissues. Hydrogels can be applied as space filling agents, as 
delivery vehicles for bioactive molecules, and as three dimensional (3D) 
structures that organize cells and present stimuli to guide the formation of the 
desired tissue [101].  
 
Stile and Healy prepared loosely crosslinked hydrogels composed of pNIPAM 
and acrylic acid (Aac) functionalized with RGD peptides as injectable scaffolds 
for cell attachment to study cell-material interactions in 3D [102]. They were 
the first to report covalent grafting of a large RGD peptide into NIPAM/Aac 
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hydrogels. These injectable hydrogels demonstrated increase in Young’s 
modulus (i.e. rigidity) at the body temperature (37°C). Furthermore these 
injectable hydrogels were also synthesized by using peptide crosslinkers which 
can be splitted by matrix metalloproteinases, endopeptidases responsible for 
cleavage of extracellular matrix (ECM) proteins, adding a second property to 
the material which is biodegradability [103]. Increased adhesion and 
spreading of rat calvarial osteoblasts (RCO) to the hydrogel in the presence of 
the RGD peptide was shown. 
 
Smith et al. prepared p(NIPAM/NASI), NIPAM-based synthetic, 
thermoresponsive copolymers containing protein-reactive N-
acryloxysuccinimide (NASI) groups to increase local retention of bone 
morphogenetic protein-2 (BMP-2), which is one of the BMPs used for bone 
regeneration [17]. They utilized the thermoresponsiveness of pNIPAM to 
entrap and retain BMP-2 at the injection site (as much as 100 fold better), as 
the polymer solution became insoluble upon reaching the physiological 
temperature. They used C2C12 cells in their study and found out that the cells 
showed increased alkaline phosphatase  (ALP) activity, which is one of the 
early markers showing the osteogenic differentiation, when they were on 
p(NIPAM-NASI) surfaces with BMP-2 rather than on tissue culture polystyrene 
(TCP) with BMP-2. Furthermore they showed that unlike cells on TCP, cells 
grown on the p(NIPAM/NASI) surfaces exhibited an ALP activity even without 
BMP-2 exposure, indicating that p(NIPAM/NASI) surfaces were more 
conductive for the expression of ALP activity for the chosen cell model. 
 
Genetically engineered ELPs, mentioned in section 1.3.1.1, also are 
thermoresponsive polymers associated with the inverse transition 
temperature (ITT), a phenomenology which is similar to LCST. However, ELPs 
undergo a regular, non-random structure when the temperature is above the 
transition temperature, which is not shown by LCST polymers such as pNIPAM 
[31]. Phase transition behavior of an ELP is a function of the sequence, the 
identity and mole fraction of guest residues (X) at the fourth position of the 
general formula which is (VPGXG)n, and its chain length [104].  
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The biosynthesis of the genetically engineered protein based polymers is 
superior over chemical synthesis in means of achieving absolute control of the 
amino acid sequence with complete absence of randomness. Moreover they 
can be easily produced in huge amounts using micro-organisms as factories to 
express these proteins [31]. Modification of sequence, chain length, topology 
and stereochemistry enables the controlling of physical properties such as 
transition temperature, mechanical stiffness and they can be functionalized to 
exhibit responsiveness to pH, light and other stimuli, such as an 
electrochemical potential or analyte concentration [77,105]. They are widely 
used in many fields of biotechnology including bioseparation [69,70], drug 
delivery [76,81] and tissue engineering [33,105].  
 
They have been utilized to serve as injectable scaffolds for cartilaginous tissue 
repair because of their potential to promote chondrogenesis [105,106]. After 
injection in situ, similarly to pNIPAM, the ELP-chondrocyte suspension 
aggregates into a stiff gel-like coacervate when the temperature reaches the 
physiologic value entrapping cells within an elastic 3D matrix that has 
mechanical properties comparable to those reported for collagen and 
hyaluronan-based scaffolds which are commonly used for cartilage 
regeneration. Betre et al. examined the potential of a genetically engineered 
ELP to promote the chondrocytic differentiation of human adipose derived 
adult stem cells (hADAS) without exogenous chondrogenic supplements 
[105]. They observed that constructs cultured in either chondrogenic or 
standard medium (without chondrogenic supplements) exhibited significant 
increases in sulfated glycosaminoglycan and collagen contents by day 14. 
They also showed that the matrix formed consisted mainly of type II and not 
type I collagen and the composition of the constructs cultured in either 
medium did not differ significantly. 
 
In order to manipulate the physical properties, ELPs may also be crosslinked 
enzymatically. McHale et al. designed and synthesized ELPs capable of 
undergoing enzyme initiated gelation via tissue transglutaminase [106]. The 
formed cartilaginous matrix was rich in type II collagen and lacking in type I 
collagen. They found out that the dynamic shear moduli of ELP hydrogels 
seeded with chondrocytes increased from 0.28 to 1.7 kPa during a 4 week 
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culture period indicating the restructuring of the ELP matrix by deposition of 
functional cartilage ECM components. 
 
1.4 Mechanical Stimuli as a Modulator  
 
Most of the cells in the body including fibroblasts, osteoblasts, chondrocytes, 
endothelial cells, and smooth muscle cells (SMCs) recieve mechanical stimuli 
from a wide variety of sources in daily life. These mechanical forces are 
gravity, compressive loads on cartilage and bones during walking and 
exercise; blood pressure and shear stresses on the vessels, the heart and the 
lung due to blood flow; tensile, compressive, and shearing forces causing 
surface tension on dermal tissues [107]. Tissues sense these mechanical 
stimuli and convert them into biological responses through a cascade of signal 
transduction resulting in regulation of cell functions like gene expression, 
cytoskeleton organization, protein synthesis, proliferation, apoptosis, and 
differentiation.  
 
When the skeleton is unloaded due to microgravity in space flights and bed-
rest, bone mineral density reduces [108]. On the other hand, suitable 
exercise regimes have been proposed to maintain bone mass in 
postmenopausal women and accelerate bone mass recovery after bed rest 
[109,110]. Mechanical loading is also important in fracture healing. These 
show that bone is a living organ that is modulated by mechanical stimuli. 
Bone tissues grow in a highly dynamic environment, experiencing both of 
compressive loads and tensile stress as well as fluid shear stress as a result of 
enhanced fluid flow in the canalicular network caused by mechanical loading 
[111].  
 
In order to study the effect of mechanical stimuli on bone cells, several 
different devices have been used. These devices were usually designed to 
apply fluid flow [112,113], stretching and fluid flow using four point bending 
[114], hydrodynamic pressure [115], stretching and compression [116-120]. 
However, the reported answers vary widely and it is difficult to compare these 
results because of the variation in the devices and cell sources used. 
Moreover, parameters differ on the magnitude of the mechanical stress 
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applied as well as cycle number and the frequency of the strain in the studies 
[121]. 
 
1.5 Summary of the Used System 
 
The aim of this study was to design a cell carrier with a capacity of loading 
mechanical stress on cells seeded onto them as an alternative to the devices 
mentioned in section 1.4. To achieve this goal, crosslinked pNIPAM films were 
used as cell carriers which have the ability to alter their dimensions in 






























Poly(N-isopropylacrylamide) (pNIPAM), Coomassie Brillant Blue, Bromophenol 
Blue, APS, tetramethylenediamine (TEMED), buthanol, phenylmethylsulphonyl 
fluoride (PMSF), cacodylic acid (sodium salt), glutaraldehyde (Grade I, 25 % 
aqueous solution), Amphothericin B, Penicilline-Streptomycine, trypsin-EDTA 
(0.25 %), Trizma® Base, dimethyl sulfoxide (DMSO), Β-glycerophosphate, 
ascorbic acid and dexamethasone were purchased from Sigma-Aldrich Co. 
(USA). 2,2 -azoisobutyronitrile (AIBN) and Luria-Bertani agar (LBA) were 
purchased from Fluka (Germany). Ethyleneglycoldimethacrylate (EGDMA) was 
purchased from Fluka Biochemica (Switzerland). Elastin like polypeptide was 
produced and isolated from E. coli at the University of Valladolid, Spain. 
Tetracycline was a gift of Dr. I. Yılmaz of FAKO Ilac. San. (Istanbul, Turkey).  
 
Methanol, acetic acid, sodium dodecylsulfate (SDS), 2-β-mercaptoethanol, 
isopropanol and glycerol were purchased from Merck (Germany). Glycine was 
purchased from USB (USA). Acrylamide was purchased from Amresco (USA). 
Ampicilline and isopropyl-β-D-thiogalactopyranoside (IPTG) were purchased 
from Apollo Scientific (UK). Luria–Bertani broth (LB) was purchased from 
Pronadisa (Spain). 
 
Triton®X-100 was purchased from Applichem (USA). Fetal calf serum (FCS) 
was purchased from PAA (Austria). Dulbecco’s Modified Eagle Medium (DMEM; 
high glucose) and Terrific Broth (TB) were purchased from Gibco (USA). 
Colorless DMEM (without sodium pyruvate and phenol red) was purchased 
from HyClone® (USA). Alamar Blue was from Biosource (USA). Alkaline 
Phosphatase 307 Kit was purchased from Randox® (UK). NucleoCounter 




2.2.1 Synthesis of pNIPAM 
  
pNIPAM was synthesized by free radical polymerization method [122,123] 
with EGDMA as the crosslinker and AIBN as the photoinitiator under the 
presence of ultraviolet (UV) light. AIBN (1.36 mol % w.r.t. NIPAM), NIPAM 
(50% w/v) and EGDMA (1.2 mol % w.r.t NIPAM) were dissolved in 
isopropanol (polymer E). Different groups of polymers were obtained also by 
the addition of water in the last step in the ratios of 1:1 (polymer A), 3:7 
(polymer C), 1:9 (polymer D) with respect to isopropanol. Another polymer 
group (polymer B) was synthesized doubling the crosslinker amount (2.4 mol 
% w.r.t NIPAM) without the addition of water. One last polymer group 
(polymer A*) was also synthesized by decreasing mol % of initiator, AIBN, to 
0.3 with respect to NIPAM in a solvent mixture of 1:1 isopropanol/water. The 
feed composition ratios for the reactions are summarized in Table 1.  
 
N2 gas was bubbled through the reaction mixture for 10 min to remove 
oxygen dissolved in the reaction mixture. The reaction mixture was then 
poured into a petri dish, sealed with parafilm and put in a closed chamber. 
After an additional purge with N2 gas for 5 min, the container was completely 
sealed with parafilm and kept under UV light for 6 h. The polymer was washed 
for several days with several distilled water changes to remove all the 
residues of unreacted monomer and other chemicals. 
 


























NIPAM 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg 
AIBN 10 mg 10 mg 10 mg 10 mg 10 mg 2.2 mg 
EGDMA 10 μL 20 μL 10 μL 10 μL 10 μL 10 μL 
Isopropanol 500 μL 500 μL 700 μL 900 μL 1 mL 500 μL 




2.2.2 Preparation of pNIPAM Films 
 
In order to prepare unpatterned pNIPAM films, the synthesis in section 2.2.1 
was carried out in glass petri dishes with a smooth surface. 
 
Patterns were created on the films by placing silicon wafers (groove width: 2 
micrometer, ridge width: 10 micrometer, depth: 20 micrometer, angle: 54.7°) 
at the bottom of the petri dishes before introducing the reaction mixture. The 
synthesis was carried out under the same conditions.  
 
2.2.3 Production and Isolation of ELP 
 
The design of “ELP-RGD8” oligopeptide sequence and the molecular biology 
techniques that were used to clone the desired gene into expression vectors 
and transform E. coli BL21 strain were performed by Prof. J. Carlos Rodríguez-
Cabello’s group (BIOFORGE), at the University of Valladolid, Spain [34]. 
 
2.2.3.1 Inoculum Preparation 
 
100 mL TB and 100 μL ampicillin (100 mg/mL) were put in an erlenmeyer. 
Two colonies of E. coli on LBA carrying the designed gene were transferred to 
the erlenmeyer containing TB with the aid of a sterile toothpick by gently 
touching on the colony and then putting it into the TB. This process was 
carried out in a laminar flow cabinet (Cruma, 870-FL, Spain). The erlenmeyer 
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was put in rotary shaker (Thermo Electron Corporation, 420 Incubated-
Tabletop, USA) at 37°C for at least 16 h. 
 
2.2.3.2 Growth of E. coli and ELP Production 
 
LB or TB were autoclaved (Raypa, AES-28, Spain) before inoculation. 
Transformed E. coli were grown both in batch culture in a rotary shaker 
(Thermo Electron Corporation, 420 Incubated-Tabletop, USA) at 37°C and 
using a fermenter (2L) (B. Braun Biotech International, Biostat, Germany), in 
which temperature, pH, and oxygen levels were controlled and adjusted. Gene 
expression was induced by IPTG (0.8 mM) addition at an OD600 of 0.8 (Milton 
Roy Company, spectronic 601, USA). The cultures were incubated for an 
additional 3 h after induction. 
 
2.2.3.3 Isolation of ELP from E. coli  
 
The cultured cells were cultivated and centrifuged (Eppendorf, 5804 R, 
Germany) at 18x103 g for 5 min at 4°C. The pellet was washed with Tris 
Buffered Saline (TBS, pH 8) (100 mL/L cell suspension) twice and centrifuged 
again at 18x103 g for 5 min at 4°C. The pellet was resuspended in Tris-EDTA 
(TE, pH 8) solution (25 mL/L culture fermentation medium) and 
phenylmethylsulphonyl fluoride (PMSF) was put to avoid polymer proteolysis 
due to the activity of proteases and then the cells were lysed by sonication for 
10 min with pauses of 2 s each 5 s at 100 W (Misonix, Sonicator 3000 USA). 
All these steps were carried out on ice. The lysate was centrifuged again at 
18x103 g for 5 min at 4°C. The supernatant which contains the total soluble 
proteins was collected and acidified to a pH value of 3 using 1.6 M HCl on ice. 
The proteins which become insoluble at this pH precipitated and they were 
removed by centrifugation at 18x103 g for 5 min at 4°C. The supernantant’s 
pH was changed to 10 using NaOH and it was warmed to 70°C for 1 h. ELP-
RGD became insoluble at this temperature and precipitated by centrifugation 
at 18x103 g for 5 min at 40°C. The pellet was dissolved in Milli-Q water 
(Millipore, USA) (1-2 mL/L culture fermentation medium) by stirring (IKA, 
Color Squid IKAMAG, Germany) at 4°C overnight. The protein solution was 
centrifuged at 15x103 g for 20 min at 4°C. The supernatant was warmed to 
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70°C and the protein precipitated at this temperature was centrifuged again 
at 18x103 g for 5 min at 4°C. The final pellet was resuspended in cold Milli-Q 
water (0.5 mL/L culture fermentation medium) and freeze dried for at least 
48 h (Labconco Corporation, FreeZone 1 Liter Benchtop Freeze Dry System, 
USA).  
 
2.2.3.4 Determination of Protein Expression 
 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed using cell suspensions taken from the cell culture at different time 
points to evaluate protein expression profile of E. coli. It was also used for the 
evaluation of purification steps for ELP-RGD8 protein. The reagents of SDS-




 Table 2. Reagents and Composition of SDS-PAGE gels 
 
Separating (Running) Gel Stacking Gel 
 
10% 12% 4% 
Acrylamide (40%) 2.5 mL 2.25 mL 500 μL 
1M Tris pH 8.8 3.75 mL 2.8 mL  
0.5M Tris pH 6.8   1.25 mL 
Milli-Q water 3.5 mL 2.25 mL 3 mL 
SDS (10%) 75 μL 75 μL 50 μL 
Ammonium Persulfate 
(APS) (10%) 
50 μL 50 μL 50 μL 




When the separating gel reagents were mixed, the solution was poured 
quickly into the gel cassette (Amersham Pharmacia Biotech, MiniVe, UK), 
leaving some space for stacking solution. In order to have a flat surface, a few 
drops of butanol was added carefully at the top of the gel and the gel was left 
to polymerize for 40 min. Stacking gel reagents were mixed leaving out APS 
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and TEMED until the gel was ready to be poured. Butanol was washed out 
before pouring the stacking gel solution. Since stacking gel polymerizes very 
quickly, the comb to form wells for loading was placed immediately after 
pouring the stacking gel on the separating gel avoiding making bubbles 
underneath the comb. The gel was left to polymerize for an aditional 20-30 
min.  
 
Cell suspensions taken at different time points during culture were collected in 
1.5 mL Eppendorf tubes and centrifuged (Eppendorf, MiniSpin, Germany) at 
13.4x103 rpm. The pellets were stored at 4°C until SDS-PAGE was performed. 
Then they were resuspended in TBS (pH 8) and mixed with sample buffer 
(3X) at a ratio of 4:1. Sample buffer (3X) was composed of 3mL of 0.5 M Tris 
(pH 6.8), 2.4 mL of glycerol, 4.8 mL of 10% SDS, 1.2 mL of 2-β-
mercaptoethanol and 15 μL of 2% Bromophenol Blue. The gel cassette was 
clamped into the electrophoresis apparatus and the buffer chambers were 
filled with 1X running buffer (also named as Laemmli buffer) (pH 8.3). 
Running buffer (5X) was composed of 15 g of Tris base, 72 g of glycine and 5 
g of SDS in 1 L of water.  The samples were boiled for 5 min and 5-7 μL of the 
samples were loaded in seperate wells of the stacking gel. The gels were run 
at 300V for about 2 h (Amersham pharmacia biotech, EPS301 Power Supply, 
UK). The gels were stained in Coomassie-Blue staining solution (0.1% 
Coomassie Blue, 10% acetic acid, 40% methanol) for overnight on a rocking 
shaker in slow mode (Heidolph, Duomax 1030, Germany). To eliminate 
unspesific binding of the stain, the gels were immersed in Coomassie-Blue 
destaining solution (10% acetic acid and 40% methanol) or in hot water for 
hours long on the shaker with several changes, until the gel becomes 
destained. The gels were monitored and gel photos were taken by “Gel logic 
100 Imaging System” (Kodak, USA) and analysed by “Kodak 1D Image 
Analysis Software”. 
 
2.2.4 Adsorption of ELP-RGD6 on pNIPAM Films  
 
ELP-RGD6 was a gift from Prof. J. Carlos Cabello-Rodríguez, University of 
Valladolid, Spain. The protein was dissolved in distilled water at a 
concentration of 0.1% (w/v). The solution was filter sterilized with 0.2 μ pore 
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sized syringe filters (Orange Scientific). Dry pNIPAM films were sterilized by 
UV for 30 min at each side. 100 μL of this solution was put on patterned and 
unpatterned pNIPAM films and left to dry in a laminar flow hood (LaminAir 
Safe 2000, Holten A/S, Denmark) for 2 days. 
 
2.2.5 Characterization of pNIPAM Films: 
 
2.2.5.1 Microscopic Examination 
 
2.2.5.1.1 Scanning Electron Microscopy (SEM) 
 
Patterned and unpatterned pNIPAM films were gold coated under vacuum and 
micrographs were taken with a Scanning Electron Microscope (SEM) (FEI 
QUANTA 400-F, Holland) in (Central Laboratory, METU).  
 
2.2.5.2 Water Contact Angle Measurement 
 
Unpatterned pNIPAM films were incubated at 29°C and 37°C for 48 h. The 
excess water on the surface of the films was absorbed by gently touching a 
tissue paper to the surface. Water contact angle measurements were 
performed using a goniometer (CAM 200, KSV Ltd, Finland). 
 
2.2.5.3 Swelling of pNIPAM Films versus Temperature 
 
The swelling behavior of polymer discs at various temperatures was studied 
by weighing the polymer discs at 20-37°C after equilibrating the samples in a 
temperature controlled water bath. At each particular temperature, samples 
were incubated in distilled water for 24 h, wiped with moistened filter paper to 








2.2.6 In vitro Studies: 
 
2.2.6.1 Isolation of Bone Marrow Stem Cells (BMSCs) from Rat 
 
Six week old male Sprague-Dawley rats weighing approximately 150 g were 
euthanized and disinfected with 1:1 (v/v) betadine-70% EtOH. Surgery took 
place in the laminar flow hood under aseptic conditions.  
 
The femur and tibia were excised and placed in 50 mL Falcon tube containing 
the harvest medium (100 units/mL penicillin, 100μg/mL streptomycin in high 
glucose Dulbecco’s Modified Eagle Medium (DMEM)). Bones were then 
transferred to sterile petri dishes with harvest medium. The soft tissue 
covering the bones was removed with the help of sterile surgical blades and 
metaphyseal ends of the femur and tibia were cut off to enable access to the 
bone marrow. The needle of a sterile syringe containing 4 mL of primary 
medium (high glucose DMEM supplemented with 100 units/mL penicillin, 100 
μg/mL streptomycin and 10% fetal calf serum (FCS)) was introduced into the 
femur and tibia midshafts and the bone marrow was put in 15 mL Falcon 
tubes. The bone marrow cell suspensions in 15 Falcon tubes were centrifuged 
for 5 min at 3000 rpm (RotaFix 32, Hettich Zentrifugen, Germany). The 
supernatants were discarded and the remaining pellets were resuspended 
with 2 mL of primary medium by the aid of 2 mL sterile pasteur pipettes. The 
cell suspensions were transferred to sterile T-75 tissue culture flasks and 8 
mL of primary medium was added into each flask. The flasks were placed into 
a carbon dioxide incubator (5% CO2, Sanyo MCO-17AIC, Japan) at 37°C and 
left undisturbed for 2 days to enable cell attachment. After 2 days, the 
medium was discarded and the cells were washed with phosphate buffered 
saline (PBS) (0.01M, pH 7.4). The medium was refreshed every two days. 
When the cells reached confluency, medium was discarded and the cells were 
washed 3 times with PBS (0.01M, pH 7.4) to remove FCS completely since it 
is known to inactivate trypsin. Trypsin-EDTA solution (0.05%, PBS diluted 
from 0.25% stock) was warmed to 37°C and 2 mL was added into the T-75 
flasks. Then the cells were incubated for 3-4 min in the carbon dioxide 
incubator at 37°C. The detachment of cells was checked by light microscope. 
Primary medium containing 10% FCS at least 3 times the volume of trypsin 
 29 
solution (0.5%) was added into the flasks to terminate trypsin activity. The 
cell suspensions were centrifuged for 5 min at 3000 rpm. The supernatant 
was discarded and the cells were resuspended in FCS. The number of cells 
was determined with a nucleocounter (Chemometec A/S Nucleo Counter, 
Denmark). In brief, 100 μL of cell suspension was taken into a 1.5 mL 
eppendorf tube and pumped into a nucleocasette. Then the nucleocasette was 
placed in the nucleocounter and the instrument gave the number of dead cells 
per mL of cell suspension. Another 100 μL of cell suspension was taken into a 
1.5 mL eppendorf tube and mixed with Reagent A, which is a lysis buffer and 
then with Reagent B, which stabilizes the nucleus of the cells. This mixture 
was pumped into another nucleocasette and placed in the nucleocounter. This 
time the number given by the machine was the total cell number per mL of 
cell suspension and it was multiplied by the dilution factor, 3. The live cell 
number was calculated by subtracting the dead cell number from the total cell 
number and the number obtained was again multiplied by the volume (mL) of 
cell suspension.  The cells in FCS were distributed to 2 mL cryovials and 10% 
dimethyl sulfoxide (DMSO) was added into each cryovial. Cell number/vial did 
not exceed 1x106 cells/mL. Cryovials were placed into a freezing container 
(5100 Cryo 1°C Freezing Container, Nalgene, USA) immediately after the 
DMSO was added. The freezing container was left at -80°C in a deep freeze 
overnight. The following day, cryovials were transferred to the liquid nitrogen 
tank (-196°C). 
 
2.2.6.2 Culture of BMSCs 
 
Cryovials carrying frozen cells were taken out of the nitrogen tank and thawed 
quickly by holding in hand. The suspensions were diluted immediately by 
adding 8 mL primary medium for each 2 mL cell suspension and centrifuged 
at 3000 rpm for 5 min.  
 
The precipitated cells were resuspended in 0.5 mL of primary medium for 
each cryovial.  The cell number was determined with nucleocounter and the 
cells were seeded onto T-25 or T-75 flasks at a cell seeding density of 20x103 
cells/cm2 and were incubated for about 1 week until they became confluent 
refreshing the medium every 2 days.  
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2.2.6.3 Cell Seeding on Films 
 
The medium in the flasks was discarded and the cells were washed with PBS 
(0.01M, pH 7.4) 3 times. Warm (37°C) 0.05% trypsin-EDTA was added into 
each flask; 1 mL for T-25 and 2 mL for T-75 flasks. The cells were left in a 
carbon dioxide incubator at 37°C for 3-4 min. After their detachment was 
observed with the light microscope, primary medium containing 10% FCS at 
least 3 times the volume of trypsin solution (0.5%) was added into the flasks 
to terminate trypsin activity. The cells were centrifuged at 3000 rpm for 5 min 
to remove trypsin-EDTA containing medium and were resuspended again in 2 
mL of primary medium. The number of viable cells was determined by using 
the nucleocounter. Then 20x103 cells were seeded onto each sterile, dry film 
which were placed in 24-well tissue culture plates conatining 30 μL medium 
per well. The samples were incubated at 37°C for 3 h for attachment onto the 
films. After 3 h, 1 mL of differentiation medium composed of high glucose 
DMEM supplemented with 100 units/mL penicillin, 100 μg/mL streptomycin, 
4% amphotericin B, 10% FCS, 10 mM β-glycerophosphate, 50 μg/mL L-
ascorbic acid and 10 nM dexamethasone was added into each well. Medium in 
the well was changed every two days. 
 
2.2.6.4 Dynamic culturing of the BMSCs 
 
Tensile stress was applied to cells utilising the thermoresponsiveness of 
pNIPAM films. The swelling behavior of pNIPAM films synthesized with 
different solvent compositions and crosslinker percentages were studied. The 
polymer type used in the cell experiments consisted of AIBN (0.3 mol % w.r.t. 
NIPAM), NIPAM (50% w/v), EGDMA (1.2 mol % w.r.t. NIPAM) in 
isopropanol:water ratio of 1:1 (See Table 1). 
 
Tension was generated on the pNIPAM films by changing the temperature to 
29°C. The 24-well tissue culture plates carrying the cell seeded pNIPAM films 
were taken out of the carbon dioxide incubator at 37°C, placed into the 
laminar flow hood and the caps of the plates were left open for 5 min to 
achieve rapid temperature change. Then the caps were closed and the flasks 
were transferred to another carbon dioxide incubator maintained at 29°C (5% 
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CO2) (Heal force HF90, Shangai Lishen Scientific Equipment Co., Ltd., China). 
After incubating at 29°C for 10 min, the plates were again transferred to the 
previous carbon dioxide incubator that was maintained at 37°C. Ten cycles of 
temperature switches between 37 and 29°C were applied 5 days starting on 
the second day post cell seeding.  
 
2.2.6.5 BMSC Characterization on Films 
 
2.2.6.5.1 Cell Proliferation Assay with Alamar Blue™   
 
Alamar Blue assay was performed in order to investigate cell proliferation. 
Alamar Blue calibration curve was prepared for BMSC at passage 2 cultured in 
the primary medium. Different amounts (1x104, 2x104, 5x104, 7.5x104, 
10x104, 15x104, 17.5x104, 20x104) of BMSC were seeded on 24-well tissue 
culture plates in duplicate. The cells were incubated for 3 h for attachment on 
the TCP in carbon dioxide incubator at 37°C. After 3 h, the medium was 
removed and the wells were washed with PBS (10 mM, pH 7.4). 1 mL Alamar 
Blue solution (10% in colorless DMEM medium) was added into each well and 
the cells were incubated for 1 h in Alamar Blue solution in a carbon dioxide 
incubator at 37°C.  
 
After 1 h, 200 μL of the Alamar Blue solution from each well was transferred 
into a 96-well tissue culture plate in triplicate. Their absorbances were 
measured at 595 nm and 570 nm by the Elisa Plate Reader (Maxline Vmax®, 
Molecular Devices, USA). Percent reduction of the dye due to the metabolic 
activity of the cells was determined by using the recommendations absorption 
coefficients of the reduced and oxidized dye according to the manufacturer’s 
recommendation. A calibration curve of the reduction percentage of the dye 
versus viable cell number was constructed (Appendix A). 
 
Alamar Blue assay was performed on Days 1, 7, 14 and 21 of culture. Cell 
seeded and unseeded films were transferred into other 24-well tissue culture 
plates and washed with PBS (10mM, pH 7.4). Alamar Blue solution (1 mL, 
10% in colorless DMEM medium) was added onto each well and the cells were 
incubated for 1 h with Alamar Blue solution in a carbon dioxide incubator at 
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37°C. All solutions introduced to cells were preheated to 37°C in order to 
eliminate polymer swelling. 
 
After 1 h, 200 μL of the Alamar Blue solution from each well was added into a 
96-well tissue culture plate in triplicate and their absorbances were measured 
at 595 nm and 570 nm by the Elisa Plater Reader. The films without cells 
were used as blank controls. The films were washed twice with PBS (10 mM, 
pH 7.4) to remove the Alamar Blue to a large extent, and then they were 
transferred again to their original 24-well tissue culture well plates in which 
they were seeded. 1 mL of differentiation medium was added into each well 
for continuity of culture.  
 
The absorbance values were analyzed according to the manufacturer’s 
recommendation and the viable cell numbers were determined using the 
previously prepared calibration curve for BMSC (Appendix A).  
 
2.2.6.5.2 Assessment of Cell Differentiation with ALP Assay 
 
Alkaline phosphatase (ALP) assay was performed for cell seeded films, 
unseeded films and TCP cultured for 7, 14 and 21 days. At these time points, 
the medium inside the wells was removed and the films were washed with 
PBS (10 mM, pH 7.4). The films were cut and transferred into 15 mL Falcon 
tubes containing 500 μL of Tris Buffer (10 mM, pH 7.5, 0.1% Triton®X-100) to 
lyse the cells. They were stored at -20°C until the assay was performed. On 
the day of the assay, films in the lysis buffer were thawed in a carbon dioxide 
incubator at 37°C and then frozen at -20°C to ensure complete lysis and this 
cycle was repeated three times. Then each sample was sonicated for 5 min at 
25W (Ultrasonic Homogenizer, Cole Parmer, USA) on ice with 30 s on, 30 s off 
cycles, for a total of 9.5 min. Before sonication the Falcon tubes containing 
the films were incubated in a water bath at 37°C for 1 min in order to remove 
the fluid inside the films. After sonication the same method was used 
(incubation at 37°C in water bath) for 5 min and then the films were taken 
out of the solution. The cell lysates were then centrifuged at 2000 rpm for 10 
min. Supernatants of each sample were collected in different 1.5 mL 
eppendorf tubes. 10 μL of each supernatant was added to 240 μL of substrate 
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(p-nitrophenyl phosphate reconstituted with MgCl2-diethanolamine buffer 
supplied by Randox AP307 kit). The time dependent absorbance of the 
mixture was obtained at 405 nm every min for a total of twelve min by Elisa 
Plate Reader (readings were performed in duplicate). In case there was not a 
significant colorimetric change, the amount of supernatant used was 
increased to 100 μL and the volume of substrate was decreased to 150 μL. 
Graph of optical densities at 405 nm (OD405) vs. time was drawn for each 
sample and the slopes were calculated. The data was analyzed by using the 
slope of the calibration curve previously prepared with p-nitrophenol 
(Appendix B) to determine enzyme activity in units of nmol substrate 
converted to product/min. 
 
ALP activity (nmoles/min/sample) was calculated as follows: 
Net OD405 = OD405, seeded film – OD405, unseeded film 
Slope of Net OD405 vs. Time graph = Net OD405/ min for sample 
Slope of calibration curve = OD405 /nmoles of p-nitrophenol  
ALP Activity (nmoles/min/sample) = [(Net OD405/min for sample) / (OD405 
/nmoles of p-nitrophenol)] x (Total volume of lysis buffer (μL) / Amount 
added on the substrate (μL)) 
 
Also specific ALP activity (ALP activity/cell) was calculated for each sample 
dividing the total ALP activity per sample to the number of the cells 
determined by Alamar Blue assay on the day the ALP assay was performed.  
 
2.2.6.5.3 Determination of Mineralization 
 
2.2.6.5.3.1 Fluorescence Microscopy 
 
To detect mineralization on the films, differentiation medium containing 10 
μg/mL tetracycline instead of 100 units/mL penicillin and 100 μg/mL 
streptomycin was given to cells beginning from the 3rd day of culture. 
Tetracycline is known to bind to calcium and it is autofluorescent. On Day 21 
of culture, the cells were washed with PBS (10mM, pH 7.4), twice with 70% 
ethanol and fixed in 96% ethanol at 37°C for 6 h [124]. The ethanol was 
discarded and the films were left to dry wrapped in aluminium foil to keep in 
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dark. Mineralization was observed using a fluorescence microscope (Leica, 
DFC 300 FX, Germany) at 480 nm.  
 
2.2.6.5.3.2 SEM Examination 
 
On Day 21 of culture, cells were fixed with glutaraldehyde (2.5% 
glutaraldehyde in 0.1M, pH 7.4 sodium cacodylate buffer) for 2 h. After 
fixation, they were washed three times with cacodylate buffer with 30 min 
incubation periods to ensure complete removal of glutaraldehyde. All solutions 
introduced to cells were preheated to 37°C in order to eliminate polymer 
swelling. The samples were frozen at -80°C over night and freeze dried the 
following day, for 10 h under 4.5x10-2 mbar pressure. The dry samples were 
gold coated under vacuum and then examined by Scanning Electron 
microscope (SEM) (FEI QUANTA 400-F, Holland) (Central Laboratory, METU). 
The whole surfaces of the films were also scanned with X-ray photoelectron 




















3.1 Characterization of Films 
 
3.1.1 Swelling of pNIPAM Films 
 
Temperature responsiveness studies were performed by weighing the polymer 
discs at different temperatures (20-37°C) and swelling behavior at different 
temperatures was studied (Fig. 4 a). The water content of polymer discs at 
different temperatures were calculated by subtracting the weight of dry 
polymer (Wd) from the weight of swollen polymer (Ws) after it was incubated 
at a particular temperature in water bath for 24 h ((Ws-Wd)/Wd (g water/ g 
dry gel)).  
 
All polymer groups showed similar swelling behavior between 37 and 34°C, 
but a sharp transition was observed between 34 and 31°C, which is the range 
in which the LCST (~32°C) of pNIPAM (Fig. 4). The only exception was 
polymer B. This was an expected result because of the relatively high 
crosslinking degree of polymer B. The crosslinker amount significantly 
affected the swelling behavior; increased crosslinker content of the reaction 
mixture resulted in decreased swelling behavior, especially below 31°C. At 
20°C, the water content of polymer A was twice that of polymer B, which was 
synthesized in the presence of crosslinker twice as much than in the synthesis 
of polymer A.  
 
The amount of initiator in the reaction mixture did not have effect on LCST 















































































Figure 3. Swelling of polymers (a) prepared with different solvent mixtures 
and crosslinker amounts:  
A = 0.5 g/mL NIPAM in 2-Propanol : water = 1:1 
B = 0.5 g/mL NIPAM in 2-Propanol : water = 1:1  
C = 0.5 g/mL NIPAM in 2-Propanol : water = 7:3  
D = 0.5 g/mL NIPAM in 2-Propanol : water = 9:1  
E = 0.5 g/mL NIPAM in 2-Propanol  
 
(b) Swelling of polymer A (AIBN: 1.36 mol % w.r.t NIPAM) and A* (AIBN: 0.3 
mol % w.r.t. NIPAM) 
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3.1.2 Water Contact Angle Measurement 
 
After an incubation of 48 h at 29°C and 37°C, water contact angles of 
unpatterned pNIPAM films (A*) were measured using a goniometer. The water 
contact angle was measured as 60.5° ± 5.3 at 37°C and 21.0° ± 5.7 at 29°C. 
This finding indicates a significant increase in hydrophilicity upon temperature 
decrease, and explains the reason of swelling at temperatures below the 
LCST. 
 
3.1.3 Calculation of Strain Applied to BMSCs Under Dynamic 
Conditions 
 
pNIPAM films were prepared ultimately to use as a cell carrier with a capacity 
of generating tension on BMSCs, seeded on the films, through temperature 
changes to study the effect of dynamic tensile stress on BMSCs (proliferation, 
alkaline phosphatase activity, mineralization). The conditions of dynamic 
culturing were presented in section 2.2.5.4. Briefly, pNIPAM films carrying the 
cells were incubated in a carbon dioxide incubator at 37°C, transferred to a 
laminar flow cabinet and the caps of the plates were left open for 5 min to 
achieve rapid cooling, then they were transferred to another carbon dioxide 
incubator maintained at 29°C and left there for 10 min. Finally the cells were 
again transferred to the original incubator at 37°C and kept there for 30 min.  
Ten cycles of temperature switches (37-29-37°C) were applied per day for 5 
days starting on the second day post cell seeding. Three unpatterned pNIPAM 
films were incubated under the same conditions in PBS (10 mM, pH 7.4) just 
to measure the elongation and contraction of films upon temperature 
changes. Strain was calculated by the equation below:  









=ε                     (3.1) 
where; ε is the strain in measured direction, L0 is the original length of the 
film, L is the current length of the film.  
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The percentage strain calculated using the 3 unpatterned pNIPAM films were 
varying between 2.2 and 10%, with an average of 5.9% (± 2.3%). The 
deviation in the elongation values might be the result of the not so precisely 
controlled temperature change which took place in the laminar flow hood. 
Also, it is important to note that polymers were not synthesized at the same 
date.  
Strain is a dimensionless unit. 1 strain is defined as 100% elongation. 0.1%, 
which is equivalent to 1000 μstrain, is in the physiological range in loaded 
bone tissue [125]. Strain magnitudes between 1000 and 10000 μstrain were 
reported to occur in the gap of fracture site of healing bone [126]. In 
comparison to these, the mechanical strain generated by pNIPAM films under 
the defined conditions in this study was in a high magnitude range. 
3.1.4 Microscopic Examination 
 





SEM micrographs of cell seeding surfaces of patterned and unpatterned films 
(A*) presented in Figures 14 A and 14 B show that the pattern could be 
transferred with high fidelity onto the polymer. Figure 14 C shows the 








Figure 4. SEM images of pNIPAM films of type A* (a) Patterned pNIPAM film, 
from edge (x 2504), (b) patterned pNIPAM film, (x 1414), (c) unpatterned 




3.2 Determination of Protein Expression and Isolation of ELP-RGD8  
 
E. coli BL21 strain, which were transformed to carry ELP-RGD8 gene, was 
grown both in batch culture on a rotary shaker at 37°C and using fermentor. 
Gene expression was induced by addition of IPTG (0.8 mM) at an OD600 of 
0.8, which corresponds to the exponential growth phase. The cultures were 
incubated for an additional 3 h after induction. These steps were optimized by 






SDS-PAGE was performed to determine the protein expression in E. coli. SDS-
PAGE is a technique used to separate proteins based on their size, which 
correlates with their molecular weights. SDS is an anionic detergent which 
denatures proteins and also applies a uniform negative electrical charge to 
each protein in proportion to its mass. Without SDS, proteins with similar 
molecular weights would migrate differently in the gel due to the differences 
in their mass to charge ratios. Therefore, SDS eliminates the effect of 
differences in shape so that chain length is the only determinant of the 
migration rate of proteins under the influence of an applied electric field. The 
rate of mobility in the gel depends on the pore size of gel, a property which 
can be modified by adjusting the concentration of acrylamide and the 
crosslinker, and the magnitude of the electric field applied. Proteins with lower 
molecular weights migrate more quickly through the pores of gel than those 
with higher molecular weights.  
 
For the isolation of ELP-RGD8, cell lysates were prepared by breaking cell 
membranes by sonication, releasing the proteins. PMSF, protease inactivator, 
was added prior to sonication to prevent ELP-RGD8 degradation.  The cell 
debris was precipitated by centrifugation and the supernatant containing the 
total soluble proteins was acidified to a pH value of 3. ELP-RGD8 was soluble 
at this pH and after centrifugation, the acidified supernatant carried the ELP-






Figure 5. SDS-PAGE image of E. coli proteins and ELP-RGD. Lane 1 shows 
precipitate and lane 2 shows supernatant of centrifugation at pH 3. Lane 3, 
the pellet of sonication; lane 4, O/N culture in fermentor 2 h after induction; 





Later, the pH of the supernantant was increased to 10. This pH value is 
specific for ELP-RGD8 purification.  All lysine residues in the protein are 
neutralized at pH 10. Also, for an efficient precipitation of this protein at this 
pH value, the temperature needs to be above the transition temperature of 













Figure 6. SDS-PAGE image of E. coli proteins and ELP-RGD. Lane 5 shows 
precipitated ELP-RGD8 at pH 10, 70°C. Lane 1, molecular marker (kDa); lane 
2, TB batch culture just after induction; lane 3, TB batch culture 1 h after 




The precipitated ELP-RGD8 was dissolved in Milli-Q water by stirring at 4°C 
overnight. The protein solution was subjected to a series of cold (4°C)-hot 
(70°C) centrifugation, and the final pellet was freeze dried.  
 
3.3 In vitro Studies 
 
3.3.1 Cell Proliferation 
 
A calibration curve was constructed by seeding different amounts (1x104, 
2x104, 5x104, 7.5x104, 10x104, 15x104, 17.5x104, 20x104) of BMSCs at 
passage two on 24-well tissue culture plates in duplicate and determining the 


































































Figure 7. Cell proliferation on the pNIPAM films with different surface 
topography and chemistry under static and dynamic conditions, and on TCP. 
(St: static, Dy: dynamic, P: patterned, UP: unpatterned, P-ELP: patterned and 
ELP adsorbed, UP-ELP: unpatterned and ELP adsorbed) 
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Cell numbers were determined on Day 1, 7, 14 and 21 of culture on the 
samples of TCP, unpatterned and patterned pNIPAM films with and without 
adsorbed ELP, cultured under static and dynamic conditions (Fig. 8). 
 
Although the cell number seeded on each film and the control TCP was 
20x103, the 1st day poliferation results showed that the cell numbers on the 
samples varied between 8.8x103 which is on Dy P and 37x103 which is on Dy 
TCP. The low level of cell number can be explained by insufficient attachment 
but 2-fold high number cannot be explained by cell division because the time 
for cell division is 48-72 h [127]. This may be explained by an error that 
occured during cell dispensing. It is also important to note that on the first 
two days post cell seeding, all samples were cultured in static conditions (in 
incubator at 37°C, 5% CO2), so there should not have been a difference 
between the unpatterned and patterned pairs. However it can not be stated 
that the initial cell attachments occured randomly because consistently the 
cell numbers were more on ELP adsorbed films (St P-ELP, St UP-ELP, Dy P-
ELP, Dy UP-ELP) and on TCP (St TCP, Dy TCP) than films without any protein 
modification on the surface (St P, St UP, Dy P, Dy UP). This result was 
expected because the protein ELP used in this experiment was genetically 
modified to include the cell adhesive RGD (arginine-glycine-aspartic acid) 
amino acid sequences. This result also demonstrated that the adsorption of 
ELP on films was successful.  
 
One week results showed that the cell numbers on ELP adsorbed films were 
still higher than those on the films without ELP under static culture. However, 
when the cell number increase (%) in Figure 9 for day 1 to 7 is studied, a 
higher increase in cell number was seen on the St UP films than St P-ELP and 
St UP-ELP. The highest increase in cell number was on St TCP and the lowest 
increase was on St P at the end of the first week. It is interesting that 
although the 1st day cell number on St P films (18.9x103) was twice as much 
as the cell number on St UP films (9.1x103), increase in cell number on St P 
films was just 46% whereas increase in cell number on St UP films was 225%. 
This relatively low increase in cell number on St P films can be explained by 
the possibility of aggregate formation of cells and subsequently leaving the 
film surface. 
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Proliferation rate of the cells were expected to decrease with time due to 
increased osteogenic activity upon down regulation of cell proliferation [128]. 
The cells on St P-ELP and St UP-ELP followed this fashion and their 
proliferation rates decreased, on the other hand the cells on St P and St UP 
continued to increase their numbers. On day 14 of culture, the difference of 
cell numbers on the films was not significant, except St P-ELP and St UP-ELP.  
 
The cell numbers on the films of static group were almost the same on the 
21st day of culture and the highest cell number was observed on St TCP, being 



































The dynamic conditions were generated by cyclic temperature change 
between 37 and 29°C utilising the thermoresponsiveness of the pNIPAM films 
(altering their dimensions upon temperature change). Ten cycles of 
temperature switches were applied for 5 days beginning from the second day 
post-cell seeding between 37 and 29°C. Duration of these cycles was 15 min 
at 29°C and 30 min at 37°C.  
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The cell numbers on Dy P-ELP and St P-ELP was close and Dy UP-ELP was 
significantly higher than St UP-ELP at the end of the first week. However the 
cell numbers on the films that were not ELP adsorbed (Dy P, Dy UP) increased 
very few (Dy P: 30.5 %) or decreased (Dy UP: 15.1 %) (Fig. 10). This result 
was not surprising because when the temperature is below lower critical 
solution temperature (LCST), which is around 32°C, pNIPAM becomes 
hydrophilic leading to weakened cell attachment. Okano et al. (1990) [90] 
used this property to detach cells from temperature responsive culture dishes 
that were pNIPAM grafted and obtained cell sheets eliminating the need for 
trypsin or cell scrapers. On the other hand, at 37°C, which is above the LCST, 
cells can attach and proliferate on pNIPAM. Once more the effect of ELP on 
cell attachment was observed and it can be stated that the cells cultured 
under dynamic conditions retain themselves in attached form on the surface 





































After the cells were subjected to dynamic loading for five days, they were 
kept under static conditions (in incubator at 37°C, 5% CO2) beginning from 
the 7th day of culture until 21st day.  
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After two weeks, the cell numbers on Dy P-ELP and Dy UP-ELP were very 
close to each other and also to all the groups under static culture except St 
TCP. The highest increase in cell number between day 7 and 14 was on Dy P 
films and the number of cells were not significantly lower than the number of 
cells on Dy UP-ELP films. The second highest increase in cell number was seen 
on Dy UP films for the same period of time but the cell number was still lower 
than the cell numbers on Dy P-ELP and Dy UP-ELP films.  
 
On the 21st day, still the cell number increase was higher on films without ELP 
(Dy P and Dy UP) than ELP adsorbed films (Dy P-ELP and Dy UP-ELP). The 
number of cells on Dy P-ELP, Dy UP-ELP and Dy P were almost the same and 
the number of cells on Dy UP is not significantly lower than Dy UP-ELP but 
significantly lower than Dy P-ELP and Dy P.  
 
The cells which were subjected to cyclic mechanical load as a result of cyclic 
temperature changes for five days continued to proliferate and reached 
comparable cell numbers to those on the films of static group. On the other 
hand although the 1st day cell number on Dy TCP was 1.5 fold of cell number 
on St TCP, at the end of the first week the cells on St TCP increased in 
number by 463% of the 1st day becoming 2.2 fold of cell number on Dy TCP. 
Moreover after the first week of culture, cell number on Dy TCP started to 
decrease and on the 21st day the lowest cell number was on Dy TCP (9.2x103) 
which is 0.2 fold of the cell number on Dy TCP at day 1 (37x103) and 0.04 fold 
of the cell number on St TCP at day 21 (250.9x103). The decrease in cell 
number on Dy TCP can be ascribed to the cyclic temperature changes. The 
cells on the films in dynamic group were also under the same conditions (10 
cycles of 29°C for 15 min and 37°C for 30 min a day, continued for 5 days 
post cell seeding) with the cells on TCP, therefore they were also subjected to 
the same adverse effects of temperature change. But the only difference 
between the cells on TCP and on films was the mechanical stress created by 
the films. So this finding shows that the effect of mechanical stress created 
under the conditions is the enhancement of proliferation of cells and 




3.3.2 ALP Activity  
 
The cells on TCP and patterned and unpatterned films with and without 
adsorbed ELP were cultured for 1, 2 and 3 weeks under static and dynamic 
conditions to study the effect of pattern, surface chemistry and mechanical 
stress on the phenotype expression during osteogenic differentiation.  
 
During the active proliferation period, proteins related with cell cycle (e.g. 
histones) and cell growth (e.g. c-myc, c-fos, c-jun) are transcribed as well as 
proteins that form the ECM (type I collagen, fibronectin). Subsequently 
proliferation is down regulated and proteins associated with the bone cell 
phenotype are detected [128]. Alkaline phosphatase (ALP) is an early marker 
of the osteoblast differentiation [129]. It is an extracellular enzyme capable of 
splitting organic phosphate and thus it helps supply free phosphate necessary 
for the nucleation of hydroxyapatite crystals during the mineralization stage. 
ALP mRNA and enzyme activity can increase more than 10 fold in the cells 
[128]. 
 
ALP activity was determined on the 7th, 14th and 21st days of culture. ALP 
activity of cell lysates obtained from each sample was determined by 
spectrophotometric detection of the product of ALP activity at 405 nm every 
min for a total of twelve min at 25°C. The results were expressed as nmoles 
of substrate converted to product/min/sample, and nmoles of substrate 
converted to product/min/cell, which was named as specific ALP activity. 
 
Generally, in the first week with the static group, the ALP activities were 
found to be low and they reached a maximum for all the samples at day 14 
(Fig. 11) before decreasing again on Day 21. On Day 7 the highest ALP 
activity was obtained from St TCP followed by Dy TCP and this difference was 
probably due to the difference in the number of cells in the two wells (cell 
number on Dy TCP: 61.2x103, St TCP: 134.9x103).  
 
The highest increase in ALP activity between Day 7 and Day 14 was observed 
with St P in the static group (87.2 fold) approaching the values on St P-ELP, 
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St UP-ELP and St UP. This steep increase of ALP activity on St P in the second 
week was probably due to rapid cell number increase (Fig. 9). 
 
Day 7 ALP results obtained from dynamic group were generally lower than the 
static group, except St P. On day 14, the ALP activity on the films increased 
but decreased on the TCP of the dynamic group. Again the decrease of ALP 
activity on TCP can be ascribed to cell number decrease on Dy TCP in the 
second week and also to the low specific ALP activity of cells as seen on 
Figure 12. On day 21, the ALP activity on Dy P-ELP was significantly lower 
than the ALP activity on day 14 but for Dy UP-ELP and Dy UP, the differences 
in ALP activity between days 14 and 21 were not significant. The only 
exception among all the groups was Dy P, which had a significantly higher ALP 
















































Figure 10. ALP activity on the polymeric films with different topography and 
surface chemistry cultured under static and dynamic conditions, and on TCP. 
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The specific ALP activities of Day 7 results were still lower than those of Day 
14 results in static and dynamic groups with the only exception of Dy TCP, 
which followed a decreasing ALP activity trend of being the highest on Day 7 
and the lowest on Day 21. However, when St TCP and Dy TCP were compared 
to each other, the specific ALP activity results at all time points were close to 

























































Figure 11. Specific ALP activity on the polymeric films with different 





The dynamic culturing of cells was stopped at the end of Day 6 and cell 
culture was continued under static conditions. Specific ALP activities obtained 
for St P-ELP, St UP-ELP and St UP were much higher than their counterparts 
in the dynamic group on Day 7 (St P-ELP/Dy P-ELP: 4, St UP-ELP/Dy UP-ELP: 
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4.7, St UP/Dy UP: 7.2). There were two factors which could explain relatively 
low values of specific ALP activities obtained with the dynamic group; 1) 
decrease of temperature for short periods (29°C, 15 min) and, 2) tensile 
stress applied to the cells by the pNIPAM films during the temperature cycle. 
On the other hand the control groups (Dy TCP) did not receive any mechanical 
stress from the system and they were just exposed to cyclic temperature 
decreases. The similarity of specific ALP activities on St TCP, which were 
incubated at 37°C throughout the test, and Dy TCP suggests that temperature 
decrease has no noticable effect on the ALP activities of cells. In the 
literature, no information could be found about the relationship between 
temperature decrease and ALP activity change but in a study carried out by 
Lee et al., it was found that when pulp cells that were obtained from rat 
incisors cultured at 42°C for 30 min, ALP activity and expression increased 
significantly on day 7 and 14 compared with the control group that was 
maintained at 37°C [130]. Therefore it can be stated that the relative 
decrease in specific ALP activity observed in the dynamic group when 
compared to the static group was because of the tensile stress generated by 
the pNIPAM films under the defined conditions (cyclic temperature changes). 
Similar results have been reported by other groups working on effect of 
mechanical stress on osteoblast differentiation. Chen et al. applied strain 
mechanically to the level of 3% or 10% by surface elongation at 1 Hz for 8 or 
48 h on human mesenchymal stem cells [131]. They also added another 
experimental group which included cells that rested for 48 h after cessation of 
mechanical stretching for 48 h to explore if the effects of mechanical 
stretching were transient. They found that 3% stretching induced 
upregulation of ALP gene expression at 8 h significantly but downregulation at 
48 h and the value returned to the basal level of the unstretched control after 
the stretched cells had rested for 48 h. In the 10% stretched groups, the ALP 
mRNA level did not change significantly at 8 or 48 h but downregulated when 
the cells were left to relax for 48 h. Koike et al. used the bone marrow 
stromal cell line ST2 to investigate osteoblastic differentiation under 0.8%, 
5%, 10%, and 15% elongation at 1 Hz for 2 days in a medium supplemented 
with 0.2mM ascorbic acid 2-phosphate and 5mM β-glycerophosphate [132]. 
They found that ALP activities of cells stretched by 0.8% and 5% significantly 
increased at 24h but no significant change in ALP activity was observed in the 
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5% elongation group at 48h. On the contrary, ALP activities of the 10% and 
15% elongation groups significantly decreased. 
 
In section 3.1.3, the deformation of cells was found to be above the 
physiologic conditions (2.2-10%) in this study, it was therefore concluded that 
the system applied high magnitude mechanical stress to the cells. It seems 
that magnitude of the mechanical stress may result in different response of 
cells in terms of ALP activity; high magnitude seems to lower the ALP activity, 
whereas low magnitude increases it. 
 
In the second week, when cells were no longer cultured under dynamic 
conditions, increases in specific ALP activities were observed for all groups, 
except Dy TCP. The increases in specific ALP activities during the second week 
for the Dy P-ELP, Dy UP-ELP and Dy UP were much higher than their 
counterparts in the static group (St P-ELP, St UP-ELP and St UP), but still 
could not reach values comparable with theirs, except Dy-UP. This interesting 
finding might suggest that the ability of pNIPAM films to deliver mechanical 
stress differs when they are patterned and unpatterned, but it is not enough 
to explain the low specific ALP activity on Dy UP-ELP. It has been shown that 
ELP played a role in cell attachment leading to better cell-material interaction 
and retained the cells in attached form on the surface under dynamic 
conditions. Therefore, it can be stated that ELP adsorption enhanced the cell-
material communication and thus cells received more mechanical stress. On 
the other hand, when there was no ELP on the surface, the cell-material 
interaction was not as good because of the formation of a hydration layer 
between the cells and pNIPAM when the temperature was decreased, but 
despite this disadvantage, patterns on the surface of pNIPAM (2 μm wide 
ridges and 10 μm wide grooves, a depth of 20 μm) might have increased the 
cell-material interaction by retaining the cells in the grooves.  
 
On Day 21, the specific ALP activity results obtained from samples in the 
dynamic group decreased significantly when compared to Day 14 results, 
except Dy P. They were also comparable to the results obtained from their 
counterparts in the static group on the 21st day.  
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On Day 14 and 21, the specific ALP activity results obtained from all the 
pNIPAM films, both static and dynamic groups, were higher than those 
obtained from TCP suggest that pNIPAM films used in this study support the 
differentiation of BMSCs more than TCP. Smith et al. found that multipotent 
C2C12 cells exhibited ALP activity on RGD grafted p(NIPAM/NASI) surfaces 
significantly higher than those on TCP [17]. They did not observe a specific 
effect of RGD grafting on ALP activity of cells, and concluded that 
p(NIPAM/NASI) surfaces were more conductive for the expression of ALP. 
 




Scanning electron micrographs of cells cultured under static and dynamic 
conditions on patterned and unpatterned pNIPAM films were obtained at the 
end of 2 and 3 week incubation.  
 
At the end of the second week, sheet-like cell layers were observed on the 
patterned films (Fig. 13). The cells were found to be attached on the side-
walls of the grooves or within the grooves but stretched between the walls 
perpendicular to the axis. No difference was observed in cell attachment and 
density between ELP-adsorbed (Fig. 13 a, c) and ELP-free films (Fig. 13 b, d). 
 
Day 21 micrographs of samples were similar to those of Day 14 in terms of 
cell attachment (Fig. 14). Cells were found within the grooves (Fig. 14 a, c, e, 












Figure 12. SEM micrographs of samples on Day 14 of culture. (a) Day 14 St 
















Figure 13. SEM micrographs of samples on Day 21 of culture. (a) Day 21 St 
P-ELP, x500 (b) Day 21 St P-ELP, x2000 (c) Day 21 St P, x500 (d) Day 21 St 












To detect mineralization on the films (to stain calcium phosphate) tetracycline 
(10 μg/mL) was introduced to the differentiation medium containing instead 
of penicillin (100 units/mL) and streptomycin (100 μg/mL) beginning from the 
3rd day of culture. The pNIPAM films were fixed with 96% ethanol for 6 h. This 
step was carried out in a carbon dioxide incubator at 37°C to prevent the 
swelling of films, but this did not prevent them swelling in ethanol and they 
were swollen even at 37°C. The samples were examined with fluorescence 
microscopy at 480 nm (Fig. 15). Most of the samples had cracked due to 
swelling. Mineralization was observed over all the films. This finding, along 
with the ALP activity results (ALP activity of cells was higher on pNIPAM films 
than of those on TCP) suggests that pNIPAM can be considered as a good 











XPS applied with scanning with scanning electron microscopy showed that 
calcium and phosphate were present on all of the cell-seeded samples which 
were fixed on Day 21. The ratio of calcium to phosphate was found to be 1.56 










Stimuli-responsive (smart) polymers have a wide variety of applications in 
many areas of biotechnology. In this study, EGDMA crosslinked pNIPAM films 
were prepared by radical polymerization with UV in the presence of 
photoinitiator AIBN in the solvent isopropanol/water (1:1) with the ultimate 
goal of serving as intelligent cell carriers which can respond to temperature 
changes by altering their dimensions and apply mechanical stress on cells 
seeded onto them to achieve better healing. Thus, using the 
thermoresponsiveness of the polymer enabled the culturing of cells under 
dynamic conditions to study the effect of mechanical stress on the 
proliferation and differentiation of BMSCs into osteoblasts.  
 
Patterns were formed on the surface of the polymers by using silicon wafers 
with microridges and grooves (groove width: 2 micrometer, ridge width: 10 
micrometer, depth: 20 micrometer, wall angle: 54.7°) that were prepared by 
photolithography and wet etching techniques. The film surfaces were 
chemically modified by ELP-RGDx6 adsorption to promote cell adhesion with 
RGD amino acid sequences.    
 
Swelling studies showed that the pNIPAM films had a LCST in the same range 
as those found in literature (~32°C). Dynamic culturing temperatures were 
chosen as 29 and 37°C, which are below and above the LCST, respectively, to 
induce hydrophilic/hydrophobic changes in the polymer resulting in dimension 
changes. The mechanical strain measured was found to vary between 2.2 and 
10%, which is significantly more than the range observed with physiologically 
loaded bone.  
 
ELP-RGD6 adsorbed surfaces had more cell numbers on the first day of 
culture, when all the cells were under static conditions, which shows that the 
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ELP-RGD6 adsorption enhanced cell attachment. The importance of the cell 
attachment sequences in ELP-RGD6 became more apparent when the cells 
were cultured under dynamic conditions. It was found that hydrophilic 
property of the polymer at 29°C resulted in decrease of cell number; 
comparable cell numbers were found on ELP adsorbed films in the dynamic 
group (Dy P-ELP, Dy UP-ELP) and the static group (St P-ELP, St UP-ELP). 
However, when the cyclic loadings were stopped, ELP-free films of the 
dynamic group reached comparable cell numbers with all the films in the 
static group. This finding showed that ELP adsorption enhanced initial cell 
attachment, but had no effect in cell proliferation in long term culturing. For 
the dynamic culture of the cells where temperature decrease was used, ELP 
was more crucial to retain cells on the films in attached form. A significantly 
high cell number decrease was observed on TCP in which cells were subjected 
to temperature changes but could not receive mechanical stress. On the other 
hand, the cells grown in dynamic culture showed an increase in number 
similar to the static group. This finding suggested that increased proliferation 
was a result of mechanical stress.  
 
Specific ALP activity was used as a differentiation marker. They were highest 
on Day 14. Mechanical strain introduced to the cells in the dynamic group was 
found to decrease the specific ALP activity when compared with the cells in 
the static group. The only exception was Dy UP, which showed comparable 
specific ALP activity to those in static group. This finding suggested that the 
ability of pNIPAM films to transfer the mechanical stress on the cells differs 
when they are patterned and unpatterned.  ELP adsorption was also thought 
to play an important role in transfer of mechanical stress by enhancing the 
cell-material interaction based on the decreased specific ALP activity on Dy 
UP-ELP films similar to Dy P-ELP films. The specific ALP results obtained from 
all the pNIPAM films, both static and dynamic, were higher than those 
obtained from TCP on Day 14 and 21. Therefore, it can be stated that pNIPAM 
films used in this study suppports the differentiation of BMSCs more than TCP. 
 
To conclude, pNIPAM films were shown to be promising cell carriers to study 
the effect of mechanical stress on cells which can compete with the 
mechanical devices designed to load mechanical stress. ELP have proven 
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Figure 16. ALP calibration curve prepared with p-nitrophenol. 
 
 
 
 
 
 
 
 
 
 
 
